The influenza A virus PB1-F2 protein, encoded by an alternative reading frame in the PB1 polymerase gene, displays a high sequence polymorphism and is reported to contribute to viral pathogenesis in a sequencespecific manner. To gain insights into the functions of PB1-F2, the molecular structure of several PB1-F2 variants produced in E. Coli was investigated in different environments. Circular dichroism spectroscopy shows that all variants have a random coil secondary structure in aqueous solution. When incubated in TFE polar solvent, all PB1-F2 variants adopt an alpha-helix rich structure, while incubated in acetonitrile, a solvent of medium polarity mimicking membrane environment they display beta-sheet secondary structures. Incubated with asolectin liposomes and SDS micelles, PB1-F2 variants also acquire a beta-sheet structure. Dynamic light scattering revealed that the presence of beta-sheets is correlated with an oligomerisation/aggregation of PB1-F2. Electron microscopy showed that PB1-F2 forms amorphous aggregates in acetonitrile. In contrast, at low concentrations of SDS, PB1-F2 variants exhibited various abilities to form fibers that were evidenced as amyloid fibers in a thioflavine T assay. Using a recombinant virus and its PB1-F2 knockedout mutant, we show that PB1-F2 also forms amyloid structures in infected cells. Functional membrane permeabilization assays revealed that the PB1-F2 variants can perforate membranes at nanomolar concentrations, but with activities found to be sequence-dependent and not obviously correlated with their differential ability to form amyloid fibers. All these observations suggest that PB1-F2 could be involved in physiological processes through different pathways, permeabilization of cellular membranes and amyloid fiber formation.
The influenza A virus PB1-F2 protein, encoded by an alternative reading frame in the PB1 polymerase gene, displays a high sequence polymorphism and is reported to contribute to viral pathogenesis in a sequencespecific manner. To gain insights into the functions of PB1-F2, the molecular structure of several PB1-F2 variants produced in E. Coli was investigated in different environments. Circular dichroism spectroscopy shows that all variants have a random coil secondary structure in aqueous solution. When incubated in TFE polar solvent, all PB1-F2 variants adopt an alpha-helix rich structure, while incubated in acetonitrile, a solvent of medium polarity mimicking membrane environment they display beta-sheet secondary structures. Incubated with asolectin liposomes and SDS micelles, PB1-F2 variants also acquire a beta-sheet structure. Dynamic light scattering revealed that the presence of beta-sheets is correlated with an oligomerisation/aggregation of PB1-F2. Electron microscopy showed that PB1-F2 forms amorphous aggregates in acetonitrile. In contrast, at low concentrations of SDS, PB1-F2 variants exhibited various abilities to form fibers that were evidenced as amyloid fibers in a thioflavine T assay. Using a recombinant virus and its PB1-F2 knockedout mutant, we show that PB1-F2 also forms amyloid structures in infected cells. Functional membrane permeabilization assays revealed that the PB1-F2 variants can perforate membranes at nanomolar concentrations, but with activities found to be sequence-dependent and not obviously correlated with their differential ability to form amyloid fibers. All these observations suggest that PB1-F2 could be involved in physiological processes through different pathways, permeabilization of cellular membranes and amyloid fiber formation.
Influenza A virus (IAV) is a major pathogen of humans and animals responsible for three main pandemics of the last century: 1957, 1968 and the most severe in 1918 with 20 to 40 millions of deaths reported (1) . Every year, influenza epidemics cause considerable illness and death. Since 2003, one of the greatest worldwide pandemic threats remains the highly pathogenic H5N1 avian viruses that display a high lethality rate (60% of the 438 cases resulted in death) (2, 3) . Since its identification in April 2009, a novel swine-origin influenza A virus H1N1 is currently causing a pandemic as declared by the WHO in June 2009 (around 1 % of the 300,000 cases resulted in death) (4) . IAV belongs to the Orthomyxoviridae viral family and its genome is composed of eight negative-strand RNA gene segments encoding 11 proteins (5) . The virulence of IAV is complex and can be influenced by each of the eight viral segments and notably the HA, NA and PB1 segments (6) . PB1-F2, the 11 th discovered IAV protein is translated from an alternative reading frame in the PB1 gene (+1 reading frame of PB1, PB1-Frame 2) (7). PB1-F2 is expressed by many IAV isolates from a wide range of hosts, and in nearly all avian and human strains (8) (9) (10) . Recent studies described the influence of PB1-F2 on viral pathogenesis in mouse models (11,12,13 ,14 ) . Loss of PB1-F2 expression results in attenuation of the virus and in a more rapid clearance of the virus from the lungs of infected mice. Insertion of a single N66S mutation present in the PB1-F2 of the 1918 pandemic strain is sufficient to increase virulence of a low pathogenic IAV in mice (12) . Moreover, a mouse model of secondary Streptococcus pneumoniae pneumonia following A/PR/834 virus infection shows greater weight loss of infected mice, more severe pneumonia and a higher lethality with the virus expressing PB1-F2 compared to the PB1-F2 knocked-out virus (13 ,14) . In addition, contemporary H1N1 strains that no longer express PB1-F2 seem to be less virulent. PB1-F2 is considered as one of the factors that contribute to IAV virulence (15) . Compared to the other IAV proteins, PB1-F2 shows several distinct features. PB1-F2 is expressed differently among infected cells and independently of the expression level of other viral proteins. PB1-F2 has a short half-life and is rapidly degraded (7) . PB1-F2 is generally described as a proapototic factor that could facilitate evasion of host defenses (with NS1), allowing the virus to escape from the immune system by inducing apoptosis in macrophages and monocytes (1, 7, 16, 17) . Thus, PB1-F2 is thought to compromise the ability of the host to mobilize adaptative immune responses (18) . Another specific feature is the mitochondrial tropism of PB1-F2 which is only partial as PB1-F2 can also be present in the nucleus and cytoplasm of infected cells depending on the cell type (7, 19) . The carboxy-terminal domain of the protein, containing the mitochondrial targeting signal (MTS), is capable by itself to interfere with mitochondrial function and cellular viability (20, 21) . Studies of the interaction of a synthetic form of PB1-F2 with membrane showed that PB1-F2 was able to create pores of variable size in planar lipid membranes, suggesting PB1-F2 could oligomerize to permeabilize membranes (22) . PB1-F2 was also shown to interact with two proteins implicated in the formation of the mitochondrial permeability transition pore complex (PTPC), adenine nucleotide translocator 3 (ANT-3) and voltage-dependent ion channel 1 (VDAC-1) (17) . Although new insights have been made to understand the PB1-F2 function, very little structural information is available. Bruns and colleagues produced a full-length synthetic PB1-F2 (23, 24) and performed a study by circular dichroism (CD) and 1 H nuclear magnetic resonance (NMR) (25) . The stability of the structured regions of PB1-F2 was shown to be dependent on the hydrophobicity of the solvent: random coil in aqueous solution and α-helical structure upon addition of trifluoroethanol (TFE). This α-helical structure present in the positively charged C-terminal domain of PB1-F2 was described as a not-true amphipathic helix and is more compact than previously predicted. In an effort to obtain deeper insight into the structurefunction of PB1-F2 and to better understand its role in the virus cycle, we produced and compared PB1-F2 originating from seven IAV isolates including the highly pathogenic strain H5N1, the 1918 Brevig Mission strain and two apathogenic avian strains in biochemical and biophysical assays. We showed that PB1-F2 can be classified in the newly described group of intrinsically disordered proteins, capable of conformation changes switching from a random to an α-helical or β-sheet secondary structure. PB1-F2 is able to oligomerize to form amyloid fibers upon different environmental conditions. The presence of amyloid PB1-F2 structures was also evidenced in infected cells. Moreover, functional tests showed that the seven variants of PB1-F2 efficiently permeabilized membranes.
Experimental Procedures
Constructions and protein expression -PB1-F2 genes were cloned in the Escherichia coli expression vector pET-22b+ (Novagen) between the Nde I and Xho I restriction sites, leading to the expression of C-terminal 6xHis fusion proteins. transformed with the different pET22-PB1-F2-HisTag plasmids were cultured to an OD600 of 0.6 in L medium. To express PB1-F2, the transformed cells were incubated for 4 h at 37°C in 1 mM IPTG with agitation. Proteins Purification -Following incubation in IPTG, the transformed cells were pelleted by centrifugation during 15 min at 5000 g. All the recombinant PB1-F2-HisTag proteins accumulated in insoluble cytoplamsic inclusion bodies. After cell lysis by sonication in Tris-HCl 50 mM pH 7.5, EDTA 10 mM buffer containing 0.1% of Triton X100, the crude lysate was centrifuged during 30 min at 10.000 g at 4°C. The pellets, containing the inclusion bodies, were solubilized overnight under agitation at 4°C with Tris-HCl 20 mM pH 8, NaCl 0.5 M, Imidazole 5 mM, urea 8M buffer (solubilization buffer). The lysate was clarified by centrifugation during 30 min at 10.000 g at 4°C and the supernatant was collected and loaded on a Hitrap-IMAC column using the AKTA Purifier-100 FPLC chromatographic system (GE-Healthcare). The column was equilibrated with solubilization buffer. After sample injection to the column, the flow through (FT) fraction was recovered, the column washed with low imidazole buffer and a 10 min linear gradient of 5-800 mM imidazole in the same buffer was applied to elute the columnbound proteins at a flow rate of 1 mL/min. One ml fractions were collected during the gradient application. Column fractions were analyzed by 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and coomassie blue staining. The PB1-F2-HisTag containing fractions were pooled and further purified by size exclusion chromatography on Sepharose S200 column equilibrated with Tris-HCl 20 mM pH 8, NaCl 0.5 M, urea 8M buffer. The S200 obtained fractions were subjected to 12.5% SDS-PAGE analysis. Urea was removed from the pool of S200 PB1-F2-HisTag containing fractions on G25 desalting column equilibrated with ammonium acetate 10 mM pH 5 buffer. Five to 10 mg of purified PB1-F2 was obtained per liter of bacterial culture. The resulting purified proteins were subjected to 12.5% SDS-PAGE analysis (0.1% SDS), and proteins were detected by Coomassie blue staining. Prosieve color protein markers (Lonza) were used. MALDI Mass spectrometry analysis was performed to confirm the molecular weight and integrity of the recombinant PB1-F2 proteins. PB1-F2-HisTag proteins were freeze-dried to be further used at the desired concentration and in different buffers. Circular dichroism spectroscopy -Circular dichroism (CD) measurements were performed on a JASCO J-810 spectropolarimeter equipped with a thermostatic cell holder, using a quartz cell of 1.0 mm path length. Spectra were collected over the wavelength range of 180-250 nm with a bandwidth of 1.0 nm and corrected for the contribution of the buffer. CD spectra of the PB1-F2 variants were recorded at 20 °C and at a final concentration of 50 µM. Each spectrum was an average of sixteen scans. For estimation of secondary structure content, CD spectra curves obtained in TFE, acetonitrile, SDS and asolectin were analyzed and quantified using the DICROPROT 2000 software (27) .
Size measurements by Dynamic light scattering (DLS) -
The size measurements with the Zetasizer Nano serie (Malvern), based on the principle of dynamic light scattering, were made at 20 °C using a helium-neon laser wavelength of 633 nm and detection angle of 173°. The results were presented as size distribution calculated from the Malvern software. Thioflavin T fluorescence measurementsThioflavin T (ThT) binding assays were performed by adding freshly prepared 10 µM stock solution of ThT in 10 mM Na-acetate buffer, pH 5, to PB1-F2-HisTag samples at equimolar ratios. Fluorescence measurements were performed on a Jasco FP-6200 Spectrofluorimeter at 20 °C. PB1-F2 protein samples at a final concentration ranging from 0.25 to 5 µM were pre-incubated at room temperature during 40 min before measurements. Fluorescence intensities were measured using excitation wavelength of 435 nm and emission wavelength of 485 nm at 0.2 cm path length after 5 min of incubation with ThT (28) . Liposomes preparation -An appropriate amount of soybean asolectin (Fluka) in chloroform solution was evaporated to dryness under a stream of nitrogen, and traces of solvent were removed by evacuation under Speedvac. The lipid residues were hydrated in Na-acetate pH 5.0 buffer containing 80 mM of calcein, and gently vortexed and sonicated for a few minutes. Then, liposomes were freeze-thawed three times in liquid nitrogen. Dye-loaded liposomes were separated from free calcein by passage through a Sephadex G-25 column using a Na-acetate elution buffer, pH 5.0. The liposome suspension obtained was finally extruded through a polycarbonate membrane with a pore diameter of 100 nm (Osmonics) to obtain calibrated liposomes. The size of asolectin vesicles was checked with DLS. Prepared liposome solution of typically 2.5 mg/ml were stored at 4°C and were stable several days. Liposomes used in a leakage assay analysed by electron microscopy and used for CD analyses were prepared by the same method without addition of calcein. Assay of liposome permeabilization -The ability of the different PB1-F2 variants to permeabilized liposomes was checked by monitoring the fluorescence decrease of the encapsulated calcein when complexed with Co 2+ contained in the buffer by quenching reaction. After the addition of peptide solution at the desired peptide/lipid ratio, the mixtures were excited at 492 nm and their emission of fluorescence was recorded at 520 nm using a TECAN microplate reader. The WSN PB1-F2 fibers used in the assay presented in supplementary data were obtained after incubation in the presence of 0.01% sodium dodecyl sulfate (SDS) at room temperature during 30 min (Fig. S2 ). The total release of calcein was achieved with addition of Triton X-100 at a final concentration of 0.1 % (v/v) to determine the maximum of fluorescence intensity (100%).
Electron microscopy -Electron micrographs were acquired using a transmission electron microscope at 80 kV excitation voltage. Samples of PB1-F2 variants at a concentration of 50 µM in 10 mM Na-acetate pH5 buffer were incubated in the presence of 0.01% SDS at room temperature during 30 min. A 10 µl sample was placed onto formvar/carbon-coated 200 mesh copper grids (Agar Scientific). To investigate the interaction between lipid vesicles and PB1-F2 variants, asolectin liposomes were prepared in 10 mM Na-acetate pH5 buffer at a final concentration of 0.1 mg/ml in the presence or absence of 50 µM of the different PB1-F2 variants and incubated at room temperature for 5 min. Based on the permeabilization data, these conditions are suitable to observe a significant interaction between PB1-F2 and membranes. After the incubation, 10 µl of the lipid-protein sample were adsorbed onto formvar/carboncoated 200 mesh copper grids. The grids were blotted and, after drying, negatively stained by floating on 10 µl drops of 2% (w/v) uranyl acetate (Sigma).
Cell culture and viral infections -293T cells in
Dulbecco's minimum essential medium (DMEM, Lonza) and Madin-Darby Canine Kidney (MDCK) cells in Eagle's minimum essential medium (EMEM, Lonza), supplemented with 10% fetal calf serum (FCS, Perbio), 2 mM L-glutamine, 100 UI/ml penicillin and 100 µg/ml streptomycin, were grown as monolayers. Human leukemic monocyte lymphoma (U937) cell line was maintained in Roswell Park Memorial Institute (RPMI, Lonza) medium 1640 supplemented with 10% FCS, 2 mM L-glutamine, 100 UI/ml penicillin and 100 µg/ml streptomycin. All cultures were maintained at 37°C in a 5% CO 2 incubator. For infection, growing cells were seeded at 8 x 105 cells per plate and allowed to attach overnight before infection. Cells were washed with FCSfree medium and incubated with virus at a multiplicity of infection (moi) of 0.1 for 1 h at 37°C. Infected cells were covered with complete free-FCS culture medium and incubated at 37°C until collection. Generation of recombinant knocked-out PB1-F2 mutant influenza virus -The 12 plasmids reverse genetic system was used to generate recombinant viruses as described previously (29) . Briefly, 293T cells were transfected with 8 plasmids encoding the individual vRNA segments of influenza A/WSN/33 (H1N1) virus from a truncated human Pol I promoter and four expression plasmids encoding the corresponding subunits of the viral polymerase and the nucleocapsid protein. The generated wild-type (WT) and knocked-out for PB1-F2 expression (∆PB1-F2) viruses were amplified on MDCK cells and titrated by plaque assays. Generation of the PB1 plasmid knocked out for the expression of PB1-F2 was achieved using the Quickchange mutagenesis kit (Stratagene) at nucleotides coding for the four initiation codons changing ATG to ACG, resulting in silent mutation in the PB1 ORF. The mutations introduced were confirmed by RT-PCR and sequencing of the PB1 segment of the mutated generated viruses (Fig. S1) . Western blot analysis -U937 cells were infected with the recombinant viruses WT and ∆PB1-F2 and lysed at 12 h post-infection in a buffer containing 500 mM NaCl, 50 mM Tris-HCl pH8, 2% Triton X-100 and protease inhibitors (Roche). Samples were loaded and separated on a 12.5% polyacrylamide gel. Gels were transferred onto Immobilon-P membranes (Millipore). Lack of PB1-F2 expression in ∆PB1-F2 infected cells was confirmed by western-blot analysis using rabbit polyclonal anti-PB1-F2 antibody (produced by immunization of rabbits with recombinant WSN PB1-F2). The relative infectivity of each recombinant virus was confirmed by westernblot analysis using a monoclonal anti-NS1 antibody (SantaCruz). Proteins were visualized using relevant peroxydase-labeled secondary antibodies by chemiluminescence (Amersham). Surface plasmon resonanse (SPR) -A Biacore 3000 SPR biosensor system equipped with control and evaluation software purchased from Biacore (GE Healthcare Europe) was used in the study. PB1-F2 in cell homogenates was detected using rabbit hybridoma monoclonal anti-PB1-F2 antibodies. For this an anti-rabbit phosphatase antibody was firstly immobilized on a CM5 chip using amine-coupling chemistry. The surface of the chip was activated for 7 min with a mixture of 0.05 M NHS and 0.2 M EDC, in HBS buffer, pH 7.4. Anti-rabbit phosphatase antibody diluted in 10 mM Na-acetate buffer, pH 5, was then covalently linked to the surface giving up to 7000 resonance units (RU). Ethanolamine (1 M, pH 8.5) was injected for 7 min to block the remaining activated groups. Monoclonal anti-PB1-F2 antibody was captured to the surface. Afterwards, linear calibration curve was obtained with recombinant WSN PB1-F2 in concentration range from 10 nM to 1 µM (5 mM Na-Acetate buffer, pH 5). These binding interactions were performed at an injection flow of 10 µl min -1 , until stabilization of the immobilization level (2min) was achieved. Report points were recorded before and after each injection, and the relative response units were determined. Regeneration of the anti-rabbit antibody was achieved by a 2 min injection of glycine buffer (pH 2.2). The same experimental parameters were used to probe cell lysates. The sensorgram observed with infected cell lysates was corrected by subtracting the response observed with noninfected cells or cells infected by the virus invalided for PB1-F2 gene (reference surface) and usually normalized to a baseline of 0 RU. Concentration of PB1-F2 in infected cells was determined relative to the calibration curve. All measurements were performed in triplicate at 20°C. Thioflavin S staining -At 12 h post-infection, U937 cells were resuspended, centrifuged at low speed and fixed in 3.2% paraformaldehyde for 10 min at room temperature. Fixed cells were rinsed in PBS and stained using a 0.01% solution of thioflavin S (ThS) in 40% EtOH for 3 minutes at room temperature. Finally, stained cells were differentiated in 50% EtOH in PBS during 10 min, rinsed in PBS and observed using a Leica DMR fluorescence microscope equipped with a Olympus DP71 camera and using Cell-F software (Soft Imaging System, Olympus). Figure 1A shows a sequence alignment of seven PB1-F2 variants selected to represent its sequence variability among IAVs. This alignment includes the sequences of three highly pathogenic viruses, the H1N1 virus A/BrevigMission/1/1918 and two H5N1 viruses (A/Swan/Fr/06299/06 and A/HK/156/97). All variants are 90-amino-acid long proteins with the exception of A/PR/8/34 which is 87-amino-acids long. The analysis revealed 41% amino acids identity in the PB1-F2 proteins including six conserved glutamine residues, twelve hydrophobic (five tryptophans) and nine charged residues. Clusters of conserved amino acids were found overall the sequences. Whereas the extreme N-terminal domain is negatively charged, the other part of the molecule is positively charged with conserved histidine, arginine and lysine residues. All these variants were produced in the E. coli and found to form bacterial inclusion bodies. Purification was carried out after solubilization using a chaotropic agent by His-tag chromatography and gel filtration (Fig. 1C) . To obtain native refolded form of PB1-F2 variants, only dialysis performed in acidic conditions (pH5) prevents their aggregation. The secondary structure of the refolded PB1-F2 variants was then estimated using circular dichroism (CD) spectroscopy. All the recorded spectra showed very similar shape characteristics of a random coil conformation with no evidence of stable secondary structures (Fig. 1D) . Furthermore, dynamic light scattering (DLS) analyses were carried out to measure the mean hydrodynamic radius (R H ) of the PB1-F2 in this condition. As exemplified with the WSN variant in Figure 1E , the R H of the different PB1-F2 were found ranging from 3 to 10 nm as expected for a disorder protein of 11 KDa (30) . These data suggest that all the PB1-F2 variants adopted a soluble disordered structure in acidic solution. The conformational diversity of the PB1-F2 variants in different environments. In a polar environment, the C-terminal domain of the PB1-F2 PR8 variant was shown to form an amphipathic α-helix with positively charged residues on one side of the helix and hydrophobic residues on the other side (25) . The seven sequences used in our study were subjected to GOR IV (31) secondary structure prediction analysis (Fig. 1B) . Sequences of HK97 and PR8 PB1-F2 are predicted to form α-helices on 33.3% and 29.9% of their length, respectively, in contrast to the five other PB1-F2 variants that only displayed scores around 18%. All sequences are predicted to form β-sheets around one third of their sequences (31.03% to 37.78%) except for HK97 that has a score of 18%. These observations suggest that, due to its sequence variability, PB1-F2 variants present alternative folding pathways. To investigate the conformational diversity of PB1-F2, the effect of different solvents on the PB1-F2 structure was then analyzed. First, CD spectra of the seven variants were recorded in the presence of TFE or acetonitrile. As previously reported in the presence of 50% TFE with the PR8 PB1-F2 variant (25) , the CD spectra were typical of α-helical folding, with minima at 208 nm and 222 nm and a maximum at 192 nm ( Fig. 2A) . Deconvolution of the data obtained at a different TFE/water ratio showed that PB1-F2 was mainly helical upon addition of 20% TFE to reach a maximum ranging from 35 to 50% α-helicity at 50% TFE. The propensity to form α-helix in the presence of TFE appears to be a common property of the seven PB1-F2 variants. In contrast, the spectra obtained upon increasing concentrations of acetonitrile showed a transition from a random coil conformation to β-sheets (exemplified in Fig. 2B for the FR06 variant) with the characteristic signature of a minimum at 217 nm and a maximum at 195 nm. Figure 2C shows that all variants form β-sheets in 80% acetonitrile, indicating the presence of 20 % (PR8 variant) to 50% of β-sheet content (FR06 variant) upon deconvolution. To further investigate the structure of PB1-F2 in membrane mimicking conditions, CD spectra were recorded in an ionic detergent SDS solution or in the presence of asolectin liposomes. In SDS solution (Fig. 2D) , the spectra were indicative for the presence of a mix of random coil conformations and β-sheets. Deconvolution data showed variable percentages of β-sheet content: 22 % for PR8 variant to 75-80 % for FR06 and several other variants. For asolectin (Fig. 2E) , the curves suggest the presence of a mix between random and β-sheets structures. The curves could reflect some distortion of the CD spectra due to light scattering on membrane vesicles. Taken together, the CD data showed that the secondary structure of PB1-F2 is strongly dependent of the environment. Although PB1-F2 is not structured in aqueous conditions, PB1-F2 forms α-helices in TFE or β-sheets in acetonitrile as well as in membrane-mimicking detergent or in the presence of liposomes. The intrinsic propensity of the PB1-F2 variants to form β-sheets appears to be sequence-specific.
RESULTS

PB1-F2 variants present a soluble disordered structure in solution.
Dynamic light scattering analysis reveals the formation of oligomeric or aggregated structures in different environments.
To characterize the consequences of the acquisition of an ordered secondary structure by the PB1-F2 variants on their 3D-structure, we first carried out DLS experiments in the environmental conditions described above. Figure 3 shows representative results obtained with two PB1-F2 variants (WSN and FR06). As illustrated in Figure 3B , incubation in 50% TFE allows detection of objects with a diameter of about 1 nm, a size compatible with a monomeric and structured form of an 11kDa protein. It should be noted that the HK97 variant is the only one that precipitates in these conditions. In contrast, incubation in acetonitrile results in the formation of oligomers/aggregates with sizes ranging from 20 to 1,000 nm (Fig. 3C) . Incubation with lower concentrations of acetonitrile allows the detection of smaller oligomers/aggregates (data not shown). Figure 3D shows the behavior of the two PB1-F2 variants in the presence of different concentrations of SDS. In 1% SDS, both variants are more compact (R H of about 1 nm). When the SDS concentration was lowered to 0.1%, PB1-F2 was found to form small oligomers with R H < 10 nm. Interestingly, the variants were found to form oligomers/aggregates of variable and larger sizes in 0.01% SDS. While the FR06 PB1-F2 forms oligomers/aggregates with a R H around 1,000 nm (like PR8, UD72 and HK97), the WSN, 1918 and MA65 PB1-F2 form oligomers from 2 to 8 µm. Electron microscopy of negatively stained preparations indicates that PB1-F2 in 0.01% SDS forms fibers that can vary in length from 100 nm to 1 µm and with a diameter of around 10 to 15 nm (Fig. 3E) . To characterize the nature of the PB1-F2 fibers formed in the presence of SDS, we incubated them in the presence of ThT that specifically binds to amyloid fibrils (28) . In the assay, the fluorescence signal emitted at 485 nm after an excitation at 435 nm reveals that the ThT bind to amyloid fibers. ThT was found to bind all the PB1-F2 fibers formed in the presence of 0.01% SDS, thus revealing that all PB1-F2 variants form amyloid fibers in these experimental conditions. While the WSN and the 1918 variants provide a strong emission signal, the FR06 and PR8 variants displayed a weak signal (Fig. 4A) . The magnitude of the emission signal correlates well with the size of the fibers observed by electron microscopy, WSN and 1918 forming the longest fibers. The increase of fluorescence is concentration-dependent as exemplified with the 1918 variant (Fig. 4B) . The presence of fibers was detectable at a concentration as low as 0.25 µM. It should be noted that amyloid fibers were not detected when the PB1-F2s were incubated in aqueous solutions and in TFE-or acetonitrile-water mixtures. In 0.1 and 1 % SDS solutions, no amyloid fibers were detected. PB1-F2 proteins permeabilize liposomes in a sequence-specific manner. To determine if the conformational diversity of the PB1-F2 variants correlates with their intrinsic ability to form pores in membranes as was reported for amyloïdogenic proteins (32, 33) , permeabilization tests were carried out on synthetic membranes. PB1-F2 variants were incubated with liposomes containing a fluorescent soluble probe. The release of fluorescent calcein from perforated liposomes was revealed by a quenching reaction using cobalt present in the buffer and not inside the liposomes. Thus, a decrease of fluorescence corresponds to liposome lysis. Each PB1-F2 variant caused permeabilization of the liposomes in a time and dose-dependent manner (see Fig.  5A for the FR06 variant). All the variants were able to achieve a complete lysis at a concentration of 500 nM within few seconds. However, at lower concentrations, the kinetic of the probe release was different between each variant indicating that the sequence variability of PB1-F2 may affect its ability to interact with membrane and induce the lysis (Fig. 5B) . No permeabilization was detected for any variant under a critical concentration of 5 nM. The physical interaction between synthetic liposomes and PB1-F2 variants was investigated by electron microscopy. The liposomes shown in figure 5 .C (left panel) had initially a spherical appearance with an apparent diameter range from 100 to 400 nm in Na-acetate buffer pH5. Incubation of asolectin vesicle suspensions with soluble WSN or FRO6 PB1-F2 leads to a spectacular liposome destruction (Fig. 5C, right panel) . Both PB1-F2 variants assemble into fibrils with a high tendency to associate with membrane fragments. As observed with SDS, WSN PB1-F2 forms longer fibers than FR06 PB1-F2 variant. The lysis activity of each variant was not found to correlate well with their ability to form long or short amyloïd fibers. To check whether the fibers were the active species causing liposome leakage, we carried out a permeabilization assay with preformed WSN PB1-F2 fibers. Interestingly, there was no pore formation with fibers. Fig. S2 shows that no pore formation activity was evidenced with preformed fibers. A weak and similar increase of fluorescent signal was observed with liposomes treated with PB1-F2 fibers and/or 0.01% SDS. In contrast, monomeric PB1-F2 significantly permeabilized liposomes. This shows that prefibrilar aggregates, and not the fibers, are the species that possess a pore-forming activity. In vivo PB1-F2 oligomerization. To address the physiological relevance of the PB1-F2 ability to form amyloidal fibers in vitro we first estimated the PB1-F2 concentration in infected cells to determine if the PB1-F2 concentrations required for oligomerization and fiber assembly are of the same order of magnitude than the PB1-F2 intracellular concentration. To this end, we produced a specific anti-PB1-F2 monoclonal antibody (to be described elsewhere). Cells were infected with a recombinant wild-type (WT) influenza virus A/WSN/1933 (H1N1) or with a mutant that was knocked-out for the PB1-F2 gene (∆PB1-F2). The amount of PB1-F2 in infected cells was quantified by a sensorchip (Biacore) coated with the anti-PB1-F2 antibody (Fig. 6A) . The PB1-F2 specific SPR signal was calculated by subtracting the ∆PB1-F2 SPR signal obtained from the WT virus. By comparing this signal with those obtained using dilutions of recombinant PB1-F2 (insert in Fig. 6A ), we estimated the intracellular concentration of PB1-F2 to be roughly 0.5 to 1 µM, a value of the same range than in the in vitro assays in which we evidenced by the thioflavin assay amyloid fibers at a 0.25 µM concentration. We next tried to evidence the presence of PB1-F2 amyloid fibers/aggregates in influenza virus infected cells using ThS staining (34, 35) . ThS, like ThT binds to amyloid fibers and was chosen as it resulted in an overall reduction of background cell auto-fluorescence compared to ThT staining (data not shown). Figure 6B shows that in contrast to what was observed in noninfected and ∆PB1-F2-infected cells, WTinfected cells exhibit an intense fluorescent staining thus revealing the presence of amyloid β-sheet structures. The ThS staining appeared to be diffuse in the cytoplasm with intense spots associated with membranes. This result demonstrates that PB1-F2 is associated or forms amyloid-like fibers in infected cells.
DISCUSSION
In the present work, we have investigated both secondary and oligomeric structures of seven PB1-F2 variants to get insight into their structural and functional relationships. We show that PB1-F2 has distinct folding pathways leading to the formation of either disordered conformations or α-helices or oligomeric β-enriched structures depending on physicochemical conditions (Fig. 7) . As previously observed, our results confirm the disordered structure of PB1-F2 in aqueous solutions (acidic) as well as the formation of an α-helical secondary structure in TFE (25) . TFE is well known to induce α-helix folding by stabilizing hydrogen bonds in peptides (36,37) even if they don't have an intrinsic propensity to adopt α-helical structure. In contrast, all PB1-F2 variants exhibit β-sheets secondary structures in the presence of acetonitrile. Compared to TFE, acetonitrile is less polar and thus it is a weaker hydrogen bond donor (38) . Moreover, the β-sheet structural conformational switch of PB1-F2 was also observed with addition of SDS. This mild detergent is commonly used for probing conformation of small protein due to its ability to induce and stabilize ordered conformations in peptides having structure-forming potential (39) (40) (41) . Furthermore, SDS micelles have been used extensively for the structural investigations of membrane peptides, as they provide an anionic, membrane-mimicking environment with a hydrophobic core and a polar head (42) . Therefore, it clearly appears that the microenvironment surrounding PB1-F2 strongly affects its folding pathway. Finally, in the presence of small unilamelar asolectin liposomes of net negative charge, all PB1-F2 variants adopt β-sheet conformation similar to those observed with acetonitrile and SDS. PB1-F2 oligomerizes in all the conditions that favor β-sheet enriched structure formation. In most cases, protein fibers emerge from an equilibrium of folded protein states with local unfolded or marginally stable structures that can be self-assembled into β-sheet oligomers, leading finally to the irreversible formation of insoluble fiber (43) . In contrast, oligomeric structures were not observed in TFE. The α-helical conformation evidenced with TFE may be considered as an end conversion pathway since only PB1-F2 monomeric structured form was observed in this environmental condition. Fluorinated alcohols as TFE have been shown to favor monomeric protein conformation by disrupting hydrophobic interaction in aggregated amyloid preparations (44) . Only amorphous aggregates were observed upon addition of acetonitrile. Amyloid fibers were generated in 0.01% SDS solution. Fibers were also observed in presence of asolectin liposomes as visualized by electronic microscopy. PB1-F2 variants form fibers of different lengths, from 100 nm to 1 µm. Since PB1-F2 variants exhibit differential abilities to form β-sheets and amyloid fibers, this process is likely to be sequence specific. The structural switch leading to an amyloid pathway was observed for other viral proteins such as the DNA binding domain of papillomavirus E2 proteins and EBNA-1 Epstein-Barr virus protein in vitro (45, 46) . We also checked whether the structural switch between unfolded state and oligomeric β-sheet enriched structures may constitute a critical element for the regulation of PB1-F2 activities. PB1-F2 was previously reported to form pores of variable sizes in planar membranes (22) . Otherwise, PB1-F2 was shown to be cytotoxic when added to cell medium at a low concentration (7) and to promote loss of mitochondrial membrane potential by inducing morphological alterations (7, 17) . We show here that all the variants used in this study permeabilize asolectin liposomes very efficiently, even at nanomolar range concentrations. The fact that PB1-F2 adopts β-sheet structure in presence of synthetic membranes suggests a possible pore formation activity as observed for many amyloid-forming proteins (33) . Furthermore, the net positive charge of PB1-F2 in acidic conditions may promote its incorporation into negatively charged asolectin liposomes by electrostatic interaction. Lysis assays showed that there is no direct correlation between the length of fibers and PB1-F2 activity. Interestingly, addition of preformed fibers to liposomes did not lead to liposome permeabilization. This suggests that a prefibrillar protein but not amyloid may be the active lytic form. The ordered pre-fibrillar aggregates may form nonspecific pores perturbing cell ionic homeostasis. Frequently pre-fibrillar aggregates display much higher toxicity than mature fibrils (47) (48) (49) . The fast leakage kinetics observed here (within a few seconds) suggests the formation of β-amyloid pore structures rather than the generation of long fiber aggregates. The high activity of PB1-F2 on membranes (with pores formed at nanomolar concentrations) suggests that PB1-F2 within an infected cell may contribute to perturbation of the intracellular ionic homeostasis, leading ultimately to cell death. Our results do not rule out the possibility that free or membrane-bound PB1-F2 interact with cellular and/or viral proteins. Actually, PB1-F2 was shown to interact with the mitochondrial proteins VDAC-1 and ANT-3 and to enhance the opening of the permeability transition pore complex (PTPC) (17) . It has also been recently proposed that PB1-F2 could be involved in interactions with members of the Bcl-2 family known to regulate mitochondrial-mediated apoptosis (50) . On the other hand, PB1-F2 was shown to regulate viral polymerase activity by interaction with the PB1 protein in the nucleus (19) . The natively disordered state of PB1-F2 in aqueous solutions could allow interactions with all these proteins and lipids. Other proteins than PB1-F2 have also been shown to require a high degree of structural disorders to fulfill their functions and need to undergo disorder-order transition during or prior to their biological function (51). Such proteins are frequently involved in some of the most important regulatory functions in the cell, and the lack of intrinsic structure in many cases is relieved when the protein binds to its target molecule (52) . A critical finding of our work is that PB1-F2 forms amyloid-like fibers in infected cells. Although amyloidosis is mainly implicated in neuro-degenerative diseases, fibrilization of some viral or cellular proteins has been evidenced in viral infections. Recently, semenderived amyloid fibrils were shown to drastically enhance HIV infection (53) . This capability is not restricted to retroviruses and suggests a possible role of amyloids in the transmission and pathogenesis of other enveloped viruses (54) . Viral proteins by themselves can also initiate protein aggregation and regulate amyloid formation (55) . Recent work suggests that highly pathogenic H5N1 influenza virus, or other neurotropic influenza viruses, could initiate central nervous system disorders including Parkinson's and Alzheimer's diseases (56) . Our observation that PB1-F2 is able to form amyloidal fibers in virus-infected cells may be related to the nervous system disorders observed with influenza neurotropic viruses and opens the way for further studies of the role of PB1-F2 into the pathogenesis of the influenza virus. Overall, our results provide new insights into structural behavior of PB1-F2 able to switch from a disordered state to α-helice and to β-sheet structures in membranes. We demonstrate that PB1-F2 forms amyloid fibers in infected cells, an observation that enlightens the pathogenecity associated to this protein. These observations open the way for further studies to elucidate the role of PB1-F2 in the influenza virus cycle.
The abbreviations used are: IAV, influenza A virus; SDS, sodium dodecyl sulfate; moi, multiplicity of infection ; MTS, mitochondrial targeting signal; PTPC, permeability transition pore complex; ANT-3, adenine nucleotide translocator 3; VDAC-1, voltage-dependent ion channel 1; NMR, nuclear magnetic resonance; DMEM, Dulbecco's minimum essential medium ; MDCK, Madin-Darby Canine Kidney ; EMEM, Eagle's minimum essential medium ; FCS, fetal calf serum ; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; TFE, trifluoroethanol; CD, circular dichroism; DLS, dynamic light scattering; ThT, thioflavin T ; ThS, thioflavin S ; R H, hydrodynamic radius ; SPR, Surface plasmon resonanse. Fig. 2 . Secondary structure formation of the seven PB1-F2 variants in different environments. Far-UV CD spectra were recorded in 10 mM Na-acetate pH5 buffer complemented with solvants (50% TFE (A), 80% acetonitrile (C)), detergent (0.01% SDS (D)) or with 0.1 mg/ml asolectin liposomes (E). Figure B shows the secondary structural switch from random coil to β-sheet conformation while increasing acetonitrile percentage in the buffer for FRO6 PB1-F2. 7 . Model for the PB1-F2 folding pathways. The scheme represents the different folding pathways leading to the formation of either disorder conformations, α-helices or oligomeric β-enriched structures depending on the physical and chemical parameters of the environment. All PB1-F2 variants exhibit random structures in aqueous (acidic pH) solutions. PB1-F2 variants adopt an α-helical structure in TFE containing solutions. While ThT negative β-sheets assemblies are evidenced in acetonitrile solutions, PB1-F2 variants generate ThT positive amyloidic assemblies in the presence of 0.01 % SDS. The length of the fibers differs depending on the PB1-F2 variants. β-oligomers are also observed in the presence of liposomes. 
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